1. Introduction {#sec1}
===============

It is believed that one third of the world population is infected with *Mycobacterium tuberculosis*(*M.tb*) \[[@B1]\]. However, the majority of adults have immune systems capable of containing *M.tb* without developing active disease even if they are unable to completely eradicate the organism from their bodies. These individuals are said to be latently infected although "latent infection" is now appreciated to be a highly dynamic state. Latently infected individuals are asymptomatic, but harbor a 5--10% lifetime risk of developing active disease \[[@B2]\]. Of those individuals who eventually progress to active tuberculosis (TB), approximately half will do so within 2 years of acquiring the infection \[[@B3]\] although reactivation can occur even 30 or more years after primary infection \[[@B4]\]. In endemic countries, TB acquired later in life is more often due to reinfection with another *M.tb* strain than to reactivation of latent infection \[[@B5], [@B6]\]. Overall, no bacterial organism in the world claims more casualties than *M.tb*, with an estimated 8.7 million new cases and 1.4 million deaths in 2011 \[[@B7]\].

The number of pediatric deaths attributable to TB is harder to estimate because TB in children is difficult to diagnose, especially in resource-limited settings carrying the greatest burden of disease \[[@B8]\]. This is likely the explanation why UNICEF does not include TB in its under-five mortality reports \[[@B9]\]. It is apparent from natural history of disease studies conducted in the prechemotherapy era that *M.tb*-infected infants (children less than one year of age) are at much greater risk for progression to active TB than are immunocompetent adults. A recent nosocomial TB outbreak in a Kangaroo care unit (where mothers nurse their premature babies) in Cape Town, South Africa confirmed their vulnerability \[[@B10]\]. Four out of six newborns developed pulmonary TB within 6 months after spending multiple days in the same room as a mother with undiagnosed pulmonary TB. Three of the four children had extensive disease at the time of diagnosis. In the absence of preventive measures \~50% of infants, even those delivered at term, developed active TB after infection \[[@B11]\].

In addition to their increased rate of progression to TB, infants are more likely to develop severe disseminated forms of TB associated with high morbidity and mortality. Before the availability of TB treatment, mortality varied from 55% in infants less than 6 months of age to 30% in those 1 to 2 years of age \[[@B12]\], and the death rate remains higher in infants than in other age groups even in the era of TB chemotherapy. Most lethal is congenital infection, which can occur either in utero or during birth; about one third of congenitally-infected children do not survive \[[@B13]\]. Fortunately, congenital TB infection is relatively rare; Schaaf reported that congenital TB constituted 1% of the childhood TB caseload in Tygerberg Children\'s Hospital in Cape Town \[[@B13]\]. More commonly, infants are infected postnatally; 8% of the pediatric TB caseload in Schaaf\'s report was comprised of such cases. Infants whose mothers have active TB are particularly at risk. The outcome of isolated pulmonary TB in infants is usually good if treatment is started early \[[@B13], [@B14]\], but they have increased susceptibility to disseminated (miliary) TB. Furthermore, TB meningitis becomes increasingly problematic after the first months of life. It has been estimated that, without prophylaxis, 30--40% of infants develop pulmonary disease following exposure, and a further 10--20% develop TB meningitis or disseminated (miliary) disease \[[@B11]\], which has near universal mortality in this age group \[[@B15], [@B16]\]. Most children who survive TB meningitis suffer from long-term sequelae including mental, motor, vision, and hearing impairment \[[@B17]--[@B19]\].

This paper provides an overview of immune factors that are likely to underlie the TB vulnerability of infants. Data from human infant studies will be discussed when available, and data from animal models will be utilized to provide deeper mechanistic insights. As the human immune system exhibits profound heterogeneity, probably only a subset of genetically susceptible individuals develop active TB. However, because of the age-specific maturation of the immune response, discussed further in this review, a larger proportion of infants seem to be susceptible. Environmental factors such as BCG vaccination and exposure to environmental mycobacteria may shape the infant immune response to *M.tb*, but knowledge in this area is limited, and we will restrict our discussion to factors intrinsic to the infant immune response. General reviews of immunity against *M.tb* and the immune status of infants are available \[[@B21]--[@B20]\]; we focus specifically on the intersection of these areas.

2. Immune Vulnerability of Infants to TB {#sec2}
========================================

The infant\'s immune system is shaped by past and present challenges encountered during life in the uterus and in the brave new postnatal world. Within the womb, detrimental immune responses between the mother and fetus are prevented by an intrauterine environment that restricts the development of cells that promote proinflammatory responses \[[@B23]--[@B25]\]. Birth represents a great transition from the sterile environment of the womb to a world full of bacteria; colonization of the newborn starts at the time of delivery. Several recent reviews describe the synergy between humans and bacteria \[[@B26]--[@B30]\], and the growing consensus is that the microbiome represents an essential part of our immune defense. The magnitude of colonization is impressive; a human adult is colonized with one kilogram of bacteria and in order for this beneficial process to occur, the immune system has to be tuned to allow it. The downside of this choice of nature is an infant\'s immune system that is susceptible to infections, and TB is arguably foremost among these. In the following section, we will first summarize the role of each relevant molecule or cell type in the immune response to TB, and then discuss how alterations during infancy may shape this response (summarized in [Table 1](#tab1){ref-type="table"}).

2.1. Macrophages {#sec2.1}
----------------

### 2.1.1. Role in TB {#sec2.1.1}

*M.tb* is transmitted by airborne particles when a person with pulmonary TB coughs \[[@B103]\]. Infection probably occurs in the distal alveoli where the bacteria are first ingested by alveolar macrophages. Macrophages have been shown to play a central role in the phagocytosis, growth arrest, and intracellular killing of *M.tb*. Combination of receptors and corresponding ligands is utilized for phagocytic entry into macrophages, and it has been hypothesized that the fate of *M.tb* depends on the initial receptors involved in the process \[[@B104], [@B105]\]. Once inside the phagosome, delivery of bactericidal lysosomal contents to the compartment will lead to the demise of the bacterium within. To avoid this fate, *M.tb* has the capacity to sustain the phagosome in its early, immature state \[[@B106], [@B107]\]. In addition to modulating the phagosome, recent studies suggest that *M.tb* can evade it all together by escaping into the cytoplasm \[[@B108], [@B109]\]. Ultimately, to kill or at least curb *M.tb* replication, macrophages must be activated by TNF and IFN-*γ* derived from antigen-specific T cells and perhaps innate cells. As the first responder to *M.tb* infection, the response of the alveolar macrophage is critical, not only for directly controlling TB, but also in setting the stage for the subsequent innate and adaptive immune responses \[[@B31]\]. Although T cell-mediated immunity is essential for immune control during later stages of disease, *M.tb*-specific T cells operate in large part by activating and equipping macrophages to control intracellular bacteria. Mouse studies have shown that during later stages of disease, monocyte-derived lung macrophage populations harbor a large percentage of *M.tb* (\[[@B47]\] and K. Urdahl, unpublished data).

### 2.1.2. Status in Infants {#sec2.1.2}

Although the concentration of blood monocytes (precursors to tissue macrophages) in the fetus and neonate is on par with that in adults \[[@B37], [@B110]\], autopsy studies have revealed that full-term infants have very few detectable alveolar macrophages at birth \[[@B111]\]. In monkeys, these numbers increase to adult levels rapidly, within 1-2 days after birth \[[@B112]\], and cell recoveries from neonatal bronchoalveolar lavages suggest that a similar rapid increase takes place in human newborns \[[@B113]\]. Furthermore, chemotaxis of neonatal blood monocytes is slower than that of adult monocytes, which may further exacerbate the response to infection when lung resident macrophage numbers are low \[[@B35]\]. In addition to absolute numbers, the function of alveolar macrophages seems to be diminished in newborns. While neonatal blood monocytes demonstrate good phagocytic and microbicidal activity to a range of pathogens, neonatal alveolar macrophages perform these functions poorly \[[@B114]--[@B123]\]. For intracellular killing of *M.tb*, the ability to produce superoxide anion in response to IFN-*γ* is particularly important. Neonatal macrophages have a reduced capacity to perform this function, apparently due to decreased IFN-*γ* receptor signaling and diminished STAT-1 phosphorylation, despite comparable IFN-*γ* receptor expression \[[@B36]\]. The extent to which the paucity of alveolar macrophages and their limited functional capacity compromises immunity against TB during early infancy is unknown and deserves further study.

2.2. Neutrophils {#sec2.2}
----------------

### 2.2.1. Role in TB {#sec2.2.1}

In the mouse model, neutrophils represent a transiently dominant population of infected lung cells in the second week of pulmonary TB infection \[[@B124]\], suggesting that neutrophils are the major population of lung phagocytes to acquire *M.tb* immediately after bacilli escape from alveolar macrophages. Whether or not neutrophils contribute to immunity by directly killing *M.tb* has not been well established. However, patients with chronic granulomatous disease that have impaired neutrophilic intracellular killing are susceptible to mycobacterial infections \[[@B125]--[@B128]\]. This correlation suggests that neutrophils may have a direct role in lysing *M.tb*, and a recent report in the zebrafish model of TB supports this idea \[[@B38]\]. Interestingly, in the mouse model, apoptotic neutrophils were recently shown to facilitate the uptake of *M.tb* by dendritic cells (DCs)---the third major phagocytic population to acquire *M.tb* in the lung \[[@B42]\]. Thus, neutrophils appear to be an important bridge between innate and adaptive immunity, as the acquisition of *M.tb* by DCs is essential for the initiation of the T cell response. Elimination of neutrophils slowed both DC acquisition of bacteria and *M.tb*-specific T cell priming \[[@B42]\].

### 2.2.2. Status in Infants {#sec2.2.2}

Neonates, and in particular preterm neonates, have a decreased capacity to mobilize neutrophils in response to infection. This deficiency is in large part due to a limited neutrophil storage pool \[[@B44]\]. Further, neonatal neutrophils express low levels of integrins and selectins and perform poorly in functional assays for chemotaxis, rolling adhesion, transmigration, and lamellipodia formation, all of which are crucial for timely neutrophil recruitment to the site of infection \[[@B43]--[@B130]\]. The continuous production by neonatal monocytes of IL-6 (an effective neutrophil migration inhibitor) further depresses neutrophil function \[[@B75], [@B131]\]. Even the weaponry neutrophils have against microbial invaders is restricted, illustrated by reduced amounts of lactoferrin and diminished oxidase activity \[[@B44]\]. Although more investigation into the role of neutrophils in TB is needed, the profound deficiencies in neutrophil number and function during infancy have the potential to impair both innate and adaptive immunity to TB.

2.3. Dendritic Cells {#sec2.3}
--------------------

### 2.3.1. Role in TB {#sec2.3.1}

DCs comprise the third major phagocytic population to acquire *M.tb* in the lung. However, in contrast to neutrophils, the predominance of *M.tb*-infected DCs is long lived. In mice, *M.tb*-infected DCs first appear during the second week of infection and are abundant throughout the course of disease \[[@B47], [@B132]\]. In humans, DCs are also abundant in the tuberculous granuloma \[[@B133], [@B134]\]. Although the extent to which they kill or restrict intracellular growth of *M.tb* is unknown, mouse studies have shown that DCs play a critical role in the innate response to *M.tb* by producing cytokines essential for host defense. These cytokines include TNF, IL-1, and IL-12, and DCs are primary producers of the latter two \[[@B45], [@B46]\]. DCs are the consummate professional antigen-presenting cells and are essential for initiating and regulating the T cell response. To trigger *M.tb*-specific T cell responses, migratory DCs must first acquire *M.tb* in the lung, traffic to the lung draining lymph node, and present *M.tb* antigens to naïve antigen-specific T cells in the lymph node \[[@B47], [@B48]--[@B50]\]. DC populations that reside in lung granulomas are likely to be important for maintaining and regulating *M.tb*-specific T cells in the lung although this is less well studied than their role in the lymph node.

### 2.3.2. Status in Infants {#sec2.3.2}

Although the number of resident DCs in the infant lung is unknown, neonates appear to have fewer circulating DCs than adults \[[@B52]\]. Furthermore, since most DCs in the lung that respond to *M.tb* infection are derived from blood monocytes, which have a diminished capacity for chemotaxis in neonates \[[@B35]\], it seems likely that the number of DCs responding to TB in the lung is lower in infants than in adults. As will be discussed further in a forthcoming section on pattern-recognition receptors in TB, infant DCs (as well as macrophages) also produce substantially lower levels of proinflammatory cytokines, including TNF, IL-1, and IL-12. The critical role of each of these cytokines in immunity against TB will be discussed in greater detail below. Studies examining the potential of neonatal DCs to process and present antigen to T cells provide conflicting results \[[@B20]\]. Although adult and neonatal blood DCs express similar cell surface levels of the MHC class II molecule HLA-DR as well as the costimulatory molecules CD40 and CD80, expression by neonatal DCs increases less in response to stimulation via toll-like receptors (TLRs) \[[@B135]\]. The diminished capacity of neonatal DCs to produce IL-12 may restrict their ability to prime Th1 cells, at least in some settings \[[@B20], [@B54]\]. As will be further discussed below, priming a rapid and robust Th1 response in the lung appears to be essential for immune control.

2.4. Cell Death Pathways {#sec2.4}
------------------------

### 2.4.1. Role in TB {#sec2.4.1}

Another way that *M.tb* shapes innate immunity is by manipulating macrophage death pathways. Necrosis and apoptosis can be observed simultaneously in tuberculous granulomas. Furthermore, both can be promoted by host and mycobacterial factors, and both can either promote or restrict bacterial replication, depending on the circumstances \[[@B21], [@B22]\]. During the early innate immune response, direct visualization of infected macrophages in the zebrafish embryo has shown that *M.tb* may orchestrate its own dissemination by inducing apoptosis through expression of virulence genes encoded by the RD1 region \[[@B136], [@B137]\]. The inflammatory response induced by *M.tb* attracts more macrophages that engulf apoptotic debris containing bacilli, and further intracellular bacterial replication ensues. Furthermore, some of the infected macrophages migrate to new sites where they attract additional uninfected macrophages and serve as niduses for new granuloma formation \[[@B136]\]. *M.tb* can also induce macrophage death by necrosis in some settings, for example through the induction of lipoxins and anti-inflammatory eicosanoids that suppress TNF production \[[@B22], [@B138]\]. One consequence of necrotic cell death is the release of extracellular mycobacteria, which are capable of even more exuberant growth in the extracellular milieu than they are within macrophages \[[@B21], [@B22]\]. Therefore, while apoptosis facilitates bacterial dissemination and necrosis promotes unchecked extracellular mycobacterial growth, optimal control of *M.tb* probably involves curbing mycobacterial replication within macrophages in a manner that does not induce cell death.

### 2.4.2. Status in Infants {#sec2.4.2}

Infants do not usually form lung cavities with an abundance of extracellular bacteria as observed in adolescent and adult patients \[[@B11], [@B13]\]. Interestingly, lung cavities are occasionally seen in the absence of effective immune containment, in contrast to adolescents and adults where destructive immune responses contribute to cavity formation \[[@B139]\]. Future studies are needed to elucidate the mechanistic underpinnings of the scarcity of cavities in young children, and the possibility that macrophage cell death pathways are altered during infancy seems ripe for exploration. For example, diminished TNF-driven necrosis as a result of low TNF production by both innate and adaptive immune cells may provide a partial explanation. The fact that HIV-infected adults exhibit a similar phenotype \[[@B140]--[@B142]\] suggests that diminished T cell function (as discussed below) could be a contributing factor. Another intriguing hypothesis is that infant macrophages have a higher intrinsic predilection for apoptosis, a possibility that requires further investigation.

2.5. Pattern-Recognition Receptor Signaling {#sec2.5}
-------------------------------------------

### 2.5.1. Role in TB {#sec2.5.1}

*M.tb* components are recognized through multiple pattern-recognition receptors that trigger an inflammatory response. Important receptors include TLRs, cytosolic NOD like receptors (NLRs), C-type lectin receptors, and DC-SIGN \[[@B59]--[@B61]\]. Among the TLR family, TLR2, TLR4, and TLR9 play the most prominent roles in innate immunity to TB \[[@B61], [@B143]\]. TLR2 forms heterodimers with TLR1 or TLR6 and has been implicated in recognition of multiple mycobacterial cell wall glycolipids. TLR4 is activated by mycobacterial heat shock protein 60/65, whereas TLR9 recognizes unmethylated CpG motifs in bacterial DNA. Critical downstream cytokines induced by TLR- and NLR-mediated signals include the cytokines TNF, IL-1, and IL-12. Some pattern-recognition receptors also elicit an anti-inflammatory response in response to *M.tb*. The mannose receptor is a C-type lectin receptor expressed at high levels on alveolar macrophages. Man-LAM and other major components of the mycobacterial cell wall are natural ligands for the mannose receptor and their recognition suppresses IL-12 production \[[@B144]--[@B146]\]. DC-SIGN is expressed primarily on DCs. Engagement of DC-SIGN by mycobacterial components (including Man-LAM) in the presence of simultaneous TLR stimulation promotes an anti-inflammatory response, including IL-10 production \[[@B62]\].

### 2.5.2. Status in Infants {#sec2.5.2}

Compared to adult myeloid cells, neonatal macrophages and DCs exhibit an altered pattern of TLR-mediated cytokine production, with decreased amounts of proinflammatory cytokines including TNF, IL-1, IL-6, and IL-12 and increased amounts of the anti-inflammatory cytokine IL-10 \[[@B53], [@B67]\]. Rather than simply reflecting an immature immune system, this probably represents a coping strategy to deal with the massive bacterial colonization that takes place during infancy, offering a means to avert a cytokine storm that might otherwise pose a serious inflammatory threat. The molecular mechanisms underlying this altered signaling are poorly understood, and in most cases, it is not clear if the altered responses are intrinsic to the signaling pathways or a result of suppression by extrinsic factors. Immune cells in human cord blood seem to express the same quantity of TLRs and downstream signaling molecules as those found in the peripheral blood of adults \[[@B63]--[@B65]\]. Reduced production of IL-12 in neonates has been correlated with the instability of a transcriptional complex that restricts induction of the IL-12p35 subunit \[[@B147]\]. On the other hand, extrinsic suppressive factors may play a role; for example, newborn plasma contains high concentrations of adenosine, which in turn causes high intracellular cAMP levels, that may enforce a bias against proinflammatory cytokine responses \[[@B53]\]. The distinct roles in the immune response to TB played by TNF, IL-1, IL-12, and IL-10, each differentially regulated in infants, will be discussed below. It is important to note that IL-6 also contributes to TB protection and exhibits altered expression levels during infancy \[[@B53], [@B67], [@B148]\]. Thus, although IL-6 may also play a role in the heightened vulnerability of infants to TB, it will not be discussed further in this review because little is currently known about its mechanistic mode of action during TB.

2.6. Tumor Necrosis Factor {#sec2.6}
--------------------------

### 2.6.1. Role in TB {#sec2.6.1}

Central in the innate immune response by macrophages and DCs is their production of the inflammatory cytokine TNF, which plays multiple roles in immunity against TB \[[@B21]--[@B20]\]. Although the critical role of TNF was discovered in the mouse model of TB \[[@B68]\], its importance in human TB was subsequently verified by the finding that TNF blockade causes TB reactivation in latently infected individuals \[[@B149]\]. In addition to its role in activating macrophages to control intracellular *M.tb*, TNF is also important for chemokine production and recruitment of immune cells to the granuloma \[[@B69], [@B70]\]. Interestingly, TB disease in adolescents and adults is promoted in individuals genetically predisposed to produce either low or high amounts of TNF, whereas immune control is promoted by the production of intermediate TNF levels \[[@B150]\]. This confounding observation has been at least partially explained by the finding that both low and high TNF states lead to necrotic cell death of infected macrophages and enhanced extracellular bacillary growth, whereas intermediate TNF levels can curb intracellular bacterial growth without triggering macrophage necrosis \[[@B71], [@B72]\]. Importantly, corticosteroids that are routinely given in conjunction with antibiotics to all patients with TB meningitis, in an attempt to reduce inflammation-related sequelae, have recently been shown to benefit only those TB patients predisposed to overproduce TNF. In TB meningitis patients who produce low amounts of TNF, corticosteroids are not helpful and may even be detrimental \[[@B71]\].

### 2.6.2. Status in Infants {#sec2.6.2}

TNF production by human neonatal macrophages and DCs is greatly diminished. Although the capacity to produce TNF gradually improves with age, adult levels of TNF production are not achieved until after one year of age \[[@B75], [@B53], [@B74]\]. While adolescents and adults may develop TB disease associated with exacerbated TNF production \[[@B150]\], it seems likely that most TB disease in infants is associated with a failure to produce enough TNF. This raises the question as to whether adjunctive steroid therapy should be given to infants with TB meningitis, because steroid therapy in adolescents and adults only benefits those with a propensity to produce high amounts of TNF \[[@B71]\]. Although several studies have demonstrated a benefit for steroids in TB meningitis in older children, adolescents, and adults \[[@B151]\], its utility in infants with TB meningitis has not been specifically addressed in a prospective trial. There is an urgent need to perform such a study because steroids are now routinely administered for all cases of TB meningitis, regardless of age. Given the inherent deficiency in TNF production in infants, it is plausible that infants might receive no benefit from this therapy, and may even be harmed.

2.7. Role of Other Cytokines Altered during Infancy {#sec2.7}
---------------------------------------------------

### 2.7.1. IL-1 {#sec2.7.1}

The finding that mice lacking MyD88 (the signaling adaptor molecule utilized by most membrane-bound TLR) are extremely susceptible to TB was originally interpreted to reflect the critical role of TLR for innate recognition of *M.tb* \[[@B152]--[@B154]\]. Mice lacking individual or combinations of specific TLR, however, exhibited much more subtle susceptibility phenotypes \[[@B155]--[@B157]\], probably reflecting the redundancy of pattern-recognition receptors that operate in TB. A role for IL-1 was then considered, because MyD88 also serves as the adapter protein for IL-1 receptor signaling, and TB susceptibility of mice lacking the IL-1 receptor is essentially identical to that of mice lacking MyD88 \[[@B76], [@B77]\]. Thus, IL-1 receptor signaling is sufficient to explain the requirement of MyD88 for TB resistance. Subsequent studies have implicated both IL-1 receptor-binding members of the IL-1 family (IL-1*α* and IL-1*β*) in contributing to immune resistance to TB \[[@B77], [@B158]\]. In mice, IL-1*α* and IL-1*β* play a dramatic role in immune protection, at least as great as any of the factors that are better appreciated to mediate TB resistance, including TNF, IL-12, and IFN-*γ*. A role for IL-1 in human immunity against TB is supported by several studies showing an association between polymorphisms in the IL-1 or IL-1 receptor genes and host resistance \[[@B159]--[@B162]\]. The mechanisms by which IL-1 mediates protection against TB are largely unknown. Although IL-1 can serve as a costimulatory molecule for T cells, particularly for the production of IL-17 \[[@B78]\], mice lacking IL-1 receptor signaling have profound susceptibility even before T cell responses are initiated \[[@B45], [@B46]\]. Thus, IL-1 plays an important innate role in TB, and the appearance of severe necrotic lung lesions in mice lacking IL-1-transmitted signals suggests that IL-1 may regulate cell death pathways crucial to TB pathogenesis \[[@B76], [@B77]\]. Recently, IL-1*β* production during later stages of mouse infection has been shown to be tightly regulated by IFN-*γ*-induced nitric oxide \[[@B163]\].

### 2.7.2. IL-12 {#sec2.7.2}

IL-12 is a heterodimeric molecule (IL-12p70) composed of the IL-12p40 and IL-12p35 subunits. It is produced by macrophages, and even more so by DCs, and its primary role in TB is to promote the expansion and maintenance of IFN-*γ*-producing T cells, which in turn activate macrophages to kill *M.tb*, or at least to curb its replication \[[@B164]\]. Mice or humans deficient in either IL-12 or the receptor through which it signals are extremely susceptible to TB disease \[[@B164]--[@B167]\]. IL-12 also has the potential to promote IFN-*γ* by innate cells, including *γδ* T cells, Natural killer (NK) cells, Natural killer T cells, CD1 group 1-restricted T cells-and the recently characterized mucosal-associated invariant T cells \[[@B168], [@B169]\], but further studies are needed to define the roles of these innate cell types in TB immunity.

### 2.7.3. IL-10 {#sec2.7.3}

IL-10 is an anti-inflammatory cytokine with pleiotropic immunoregulatory effects. Among these effects is its ability to restrict the differentiation of IFN-*γ*-producing T cells and to modulate IFN-*γ*-mediated signal transduction \[[@B86]--[@B88]\]. In mice, strong induction of IL-10 restricts protective immunity to TB, and in humans, a genetic polymorphism that results in enhanced innate production of IL-10 increases TB susceptibility \[[@B170], [@B171]\]. Despite its potential to negatively impact TB immunity, IL-10 probably also serves a host-protective role by limiting deleterious inflammatory damage to host tissues \[[@B172]\]. Thus, an optimal immune response to *M.tb* probably involves tightly regulated production of IL-10.

### 2.7.4. Status of IL-1, IL-12, and IL-10 in Infants {#sec2.7.4}

IL-1 and IL-12 production is diminished in human neonates, whereas IL-10 production is greatly increased. Although production of proinflammatory cytokines gradually increases, adult capacity is not achieved until after one year of age for IL-1, and after two years of age for IL-12 \[[@B20], [@B54], [@B84]--[@B173]\]. Conversely, the production of IL-10 gradually decreases, but amounts comparable to those produced in adults are not seen until after one year of age \[[@B53], [@B74], [@B85]\].

2.8. Antimicrobial Peptides {#sec2.8}
---------------------------

### 2.8.1. Role in TB {#sec2.8.1}

Antimicrobial peptides are produced and utilized by phagocytes and lung epithelial cells. Production of LL-37, one of the few bactericidal peptides that effectively kill *M.tb*,is upregulated in response to vitamin D and microbial interaction \[[@B89]--[@B174]\]. During *M.tb* infection, human beta defensin-2 (HBD2) is produced in the human lung by epithelial cells in response to IL-1 and TNF stimulation \[[@B175]\]. In addition to endogenous antimicrobials, human alveolar macrophages can utilize antimicrobial components obtained from cytotoxic T cells \[[@B176], [@B177]\] and apoptotic neutrophils alike \[[@B178]\]. Neutrophils alone carry a vast arsenal of antimicrobial peptides such as *α*-defensins, lactoferrin, cathelicidin, and lysozyme prepacked in granules \[[@B179]\]. These potent granular contents are utilized upon granule fusion with phagosomes \[[@B180]\] but may also be deployed directly to the outside of the phagocyte to fight extracellular pathogen or be delivered to macrophages. In addition to the direct mycobactericidal effects of antimicrobial peptides, some can also influence the chemotaxis of immature DCs and memory lymphocytes \[[@B181]\] and serve as a link between innate and acquired immune responses. Overall, these innate immune pathways restrict the unchecked replication of *M.tb* during the first few weeks of infection and also set the stage for an appropriate adaptive response, which is ultimately required for successful immune control of *M.tb*.

### 2.8.2. Status in Infants {#sec2.8.2}

HBD2 and LL-37 are detectable in lung aspirates from healthy neonates and in increased amounts during pulmonary or systemic infections \[[@B92], [@B182]\]. However, the level of expression is low and *in vitro* stimulation of human fetal lung tissue with IL-1*β* and IFN-*γ* only induces a 2-fold increase in expression, in contrast to a 10-fold induction in adult tissue \[[@B92]\]. It is likely that the overall lack of IL-1*β*, IFN-*γ*, and TNF and general phagocyte inactivity combine to minimize the production of antibactericidal peptides, providing the newborn with reduced protection against pulmonary TB.

3. Adaptive Immunity {#sec3}
====================

3.1. CD4 T Cells {#sec3.1}
----------------

### 3.1.1. Role in TB {#sec3.1.1}

CD4 T cells are key antimycobacterial components of the adaptive immune response \[[@B21], [@B81]--[@B184]\], and TB is a leading cause of death in CD4 T cell lymphopenic HIV patient \[[@B7]\]. Key cytokines elaborated by protective Th1 effector cells include IFN-*γ* and TNF \[[@B21], [@B81]--[@B183]\] although CD4 T cells can also restrict *M.tb* replication by an IFN*γ*- and TNF-independent mechanism in mice \[[@B185]\]. Cytokines generated by Th2 cells, including IL-4 and IL-13, are detrimental to the protective response \[[@B186]\], partly by inhibiting autophagy-dependent killing of intracellular *M.tb* \[[@B187]\].

Interestingly, the contribution of CD4 T cells in controlling TB may impact CD8 T cell function. Previous work has shown that CD4 T cell help is necessary for the induction of optimal CD8 T cell responses, particularly in the face of chronic infection, and CD8 T cells without CD4 T cell help lose effector function over time \[[@B188], [@B189]\]. This important role for CD4 T cells was originally discovered in mice \[[@B169], [@B188]--[@B191]\], but subsequently verified in nonhuman primates \[[@B192]\], and probably explains why HIV-infected humans with reduced numbers of CD4 T cells eventually lose CD8 T cell function \[[@B188], [@B189]\]. Such CD8 T cell exhaustion occurs gradually, with IL-2 production, cytolytic function, proliferative capacity lost at early stages, TNF production lost somewhat later, and IFN-*γ* production lost only very late \[[@B188]--[@B191]\]. The precise nature of CD4 T cell help for CD8 T cell responses is unclear, but possibilities include production of cytokines, including IL-2, licensing of antigen presenting cells, delivering survival signals, and controlling lymph node cellular input \[[@B193]--[@B195]\]. The relevance of these findings for TB has been demonstrated more recently. Maintenance of functional CD8 T cells in chronic mycobacterial infections in mice, including TB, requires help from CD4 T cells \[[@B95]--[@B197]\].

### 3.1.2. Status in Infants {#sec3.1.2}

Altered infant CD4 T cell function has been widely described in both mice and humans. CD4 T cells from infants are characterized by poor proliferative capacity and diminished production of Th1 cytokines, including IFN-*γ* \[[@B96]--[@B201]\], as well as an increased propensity for Treg induction in the periphery \[[@B97], [@B203]\]. *In vitro* analyses of infant T cell responses have revealed clear differences in the intrinsic function of infant and adult T cells \[[@B204]\]. In fact, the Th2 bias of infant and neonatal CD4 T cells is reflected at the level of chromatin structure, as the Th2 cytokine loci in young mouse and human T cells is hypomethylated and poised for rapid transcription \[[@B205], [@B206]\]. An important factor explaining these intrinsic differences is that most T cells in infants are recent thymic emigrants (RTEs) \[[@B207], [@B208]\], those T cells that have recently completed thymic maturation and egress, whereas RTEs comprise only a small percentage of adult T cells \[[@B202]\]. CD4 RTEs are impaired in IL-2 and IFN-*γ* secretion and skewed to Th2 responses both *in vivo* and *in vitro* \[[@B207], [@B209]--[@B211]\]. Because of the important role of CD4 T cells in providing help to CD8 T cells, the diminished capacity of infant CD4 T cells likely restricts the function of CD8 T cells as well.

Despite these well-established biases of infant T cell responses, it is important to acknowledge that these tendencies are not absolute. Both BCG-immunized and *M.tb*-infected infants clearly mount a readily detectable population of IFN-*γ*-producing T cells \[[@B212], [@B213]\]. Future studies are needed to determine whether more subtle differences in their protective properties such as the kinetics of their expansion, tissue homing, longevity, or polyfunctionality may help to explain the immune vulnerability of infants to TB.

3.2. CD8 T Cells {#sec3.2}
----------------

### 3.2.1. Role in TB {#sec3.2.1}

Appreciation of CD8 T cells as active components of the antimycobacterial adaptive immune response has come only recently \[[@B98]\]. CD8 T cells may be activated through cross presentation of mycobacterial antigens by DCs that have taken up apoptotic infected cells \[[@B214]\], but can also directly recognize *M.tb*-infected cells \[[@B99]\]. CD8 T cells help control *M.tb* replication by producing IFN-*γ*, as well as by perforin-mediated cytolysis of infected macrophages and direct killing of *M.tb* (reviewed in \[[@B98], [@B215]\]).

### 3.2.2. Status in Infants {#sec3.2.2}

Mouse studies have shown that CD8 RTEs have a reduced capacity to mediate cytolysis and to produce IFN-*γ* \[[@B209], [@B101]\]. Consistent with these findings, CD8 T cells from human infants exhibit a reduced capacity to produce IFN-*γ* and granzyme B in the absence of exogenous IL-12 \[[@B100]\]. *In vivo* activated RTE-derived CD8 T cells are skewed to short-lived effector T cells and away from the memory precursor compartment \[[@B218]\]. Importantly, antigen-specific CD8 RTEs generate impaired memory T cells, demonstrating that if T cells first see antigen as RTEs, cell fate decisions are impacted long after \[[@B101]\].

3.3. Delayed Adaptive Immune Response {#sec3.3}
-------------------------------------

### 3.3.1. Role in TB {#sec3.3.1}

Despite the essential role of IFN-*γ* producing T cells in immune protection against *M.tb*, the correlation between the magnitude of the IFN-*γ*-producing T cell response and the degree of protection is actually very poor. A large study of BCG-immunized infants recently revealed no correlation between protection and the frequency or cytokine expression profile of mycobacteria-specific T cells present in the blood \[[@B212]\]. Mouse studies have similarly shown no correlation between protection and IFN-*γ* producing T cell frequencies \[[@B219]\]; however, the rapidity by which *M.tb*-specific, IFN-*γ*-producing T cells reach the site of infection in the lung has been shown to be a critical predictor of protection \[[@B21], [@B102]\]. Unfortunately, the adaptive immune response to *M.tb* is significantly delayed compared to that observed in response to other pathogens \[[@B102]\]. Humans recently exposed to *M.tb* do not become tuberculin skin test positive until \~6 weeks after exposure \[[@B220], [@B221]\], whereas the T cell response to most pathogens peaks 1-2 weeks after exposure. Similarly, mice experimentally infected with *M.tb* via aerosol also exhibit a delayed T cell response that does not peak until several weeks after infection \[[@B21], [@B102]\], and the tractable nature of the mouse model has recently been utilized to dissect out many aspects of this delay. *M.tb*-specific T cell responses cannot be initiated until *M.tb* is ferried to the lung-draining lymph node by migratory DCs \[[@B47], [@B48]\]. This process does not occur until the second week of infection because *M.tb* replicates "under cover" in alveolar macrophages for a prolonged period \[[@B21], [@B102], [@B222]\]. *M.tb*-induced lipoxins contribute to this pathogen-induced loitering by suppressing apoptosis \[[@B58]\]. After their eventual release from alveolar macrophages, *M.tb* bacilli are phagocytized by and released from neutrophils before a significant number of bacteria are available for acquisition by DCs \[[@B223]\]. After *M.tb* is finally ferried to the lung draining lymph node by DCs, the effector T cell response is delayed even further by the expansion of pathogen-specific Treg cells at this site \[[@B224], [@B225]\]. *M.tb*-specific effector T cells do not reach the lung in sufficient numbers to begin to curb bacterial replication until three weeks after infection and take yet another week to peak in numbers \[[@B21], [@B102]\]. In the meantime, the delay enables *M.tb* to replicate exuberantly and establish a niche in the lung that facilitates high-burden chronic infection.

### 3.3.2. Status in Infants {#sec3.3.2}

Whether adaptive immunity takes even longer to develop in infants than in older children and adults has not been formally studied. Clinical experience, however, suggests that this may be the case. Infants exposed to family members with active TB often take up to three months for detection of *M.tb*-specific, IFN-*γ*-producing T cells by a positive tuberculin skin test or IFN-*γ* release assay. The infant immune system has deficits in multiple factors that shape the rapidity of the adaptive immune response to TB. As previously discussed, infant macrophages, neutrophils, and DCs are present in low numbers and also have chemotactic deficits that impair their recruitment to sites of inflammation. These alterations have the potential to significantly delay the trafficking of *M.tb*-infected DCs to the lung-draining lymph node that is a prerequisite for initiating the *M.tb*-specific T cell response. Even after *M.tb* is delivered to the lymph node and T cell priming is initiated, effector T cell expansion may be slowed further by the increased propensity of infants to induce Treg responses \[[@B97], [@B203]\]. Taken together, it seems likely that infants have an even greater delay in the initiation of their adaptive immune response to TB than do older children and adults. Thus, infant T cells may not only be biased against making IFN-*γ*, but also against arriving in the lung in a timely manner.

Recent evidence shows that the T cell response of newborns immunized with BCG is quite delayed, peaking at 10 weeks after immunization \[[@B226]\]. This finding has important implications for the timing of an infant booster vaccine, which probably should not be administered until several weeks after this peak response \[[@B227]\]. Whether immunized adults would respond with different kinetics to BCG immunization is not known.

4. Practical Considerations {#sec4}
===========================

The vulnerability of infants to TB is profound and perhaps intractable. Nevertheless, there are several practical considerations. For perinatal TB, prevention is better than a cure (at least it is more easily achieved), and there are several opportunities to prevent neonatal *M.tb* infection and disease that are currently underutilized. Despite the fact that most neonatal TB is acquired from mothers with active disease, TB screening of women during the antenatal and postnatal period is often not adequately implemented in high-burden settings \[[@B228]\]. Such screening, however, could be readily integrated into primary antenatal care or (preventing mother-to-child transmission of HIV) PMTCT programs. Exposed newborns without signs of diseases should be offered TB prophylaxis. Even though TB diagnosis is difficult in infants, treatment should be started as early as possible to prevent complicated disease.

Infants in high TB endemic countries should be vaccinated with BCG, which is effective in preventing severe forms of disease. Given the enhanced susceptibility of neonates to mycobacterial infection, it seems a paradox that mycobacterium BCG is most effective when given to neonates. One possible explanation may be that BCG reaches a higher bacterial load for a prolonged period of time in infants, and this ultimately drives an enhanced antimycobacterial T cell memory response, despite the deficiencies in infant immunity outlined here. Another possibility is that infant effector T cells have an increased propensity to migrate to the uninfected lung \[[@B207], [@B209]--[@B211]\], which might play a dominant role in preventing progression to active TB. In any case, unraveling this conundrum will undoubtedly provide key insights into how long-lived immunity against TB can best be achieved and help inform the design of a desperately needed new and improved TB vaccine. Of interest, observational studies have suggested that BCG may also have a nonspecific beneficial effect on survival \[[@B229]--[@B231]\].

As highlighted in this review, TB is a fundamentally different disease in infants than in older children and adults. In older individuals, TB disease can be caused by an inappropriate and excessive inflammatory response to infection \[[@B150]\], whereas infant TB is a disease in which the inflammatory response is inadequate. Because the immune pathogenesis of infant TB is unique, TB immunotherapies that are beneficial for older individuals may be inappropriate for infants. As a possible case in point, adjunctive corticosteroid therapy for TB meningitis is currently routine for all ages, including infants. This practice stems from studies that have clearly shown modestly improved outcomes for TB meningitis in older children and adults receiving steroid adjunctive therapy \[[@B151]\]. The efficacy of steroids for infant TB meningitis, however, has not been specifically examined. Recently, the benefit of steroids for TB meningitis in adolescents and adults was found to be limited exclusively to a subset of individuals with a genetic propensity to produce high levels of TNF \[[@B71]\]. Steroids were not beneficial, and possibly detrimental, in individuals with lower capacities for TNF production. Because infants have an inherently restricted capacity to produce TNF, infants are unlikely to have TB meningitis that is caused by a hyperinflammatory state. Spurred by the growing problem of drug-resistant *M.tb*, potential immune-based TB therapies are gaining increased attention and research funding. Decisions to employ any TB immunotherapy in infants should not be made by extrapolating findings from studies of older individuals.

5. Summary {#sec5}
==========

Inflammatory responses are dampened in infants, at least in part, to accommodate colonization with beneficial commensal bacteria. Unfortunately, key factors required for immune protection against TB are also down regulated. Macrophages, neutrophils, and DCs are present in low numbers and have impaired function. Their capacity to produce proinflammatory cytokines, including TNF, IL-1, and IL-12, is reduced, while their capacity to produce anti-inflammatory cytokines, including IL-10, is increased. Furthermore, infant T cells have an inherent bias against IFN-*γ* production, and favor production of cytokines such as IL-4 and IL-13 that are counterproductive during TB. Because of these immune alterations, infants are 5--10 times more likely to progress to active TB after infection and are also more likely to manifest severe, disseminated forms of disease. It is interesting to consider this immune dampening during infancy in light of the emerging idea that individuals susceptible to TB may represent both ends of the inflammatory spectrum; those that have a genetic predisposition to mount an inflammatory response to TB that is either too low or excessive may be susceptible, whereas those with a propensity for an intermediate response may be protected \[[@B71], [@B72]\]. If this principle proves to be generalizable for human TB, the reduced inflammatory response during infancy may shift some individuals that might otherwise be susceptible to hyperinflammatory TB into the protected zone, whereas many others that might otherwise be protected may become vulnerable due to their diminished capacity to mount an appropriate inflammatory response. The vulnerability of infants to TB and the unique nature of their immune response have practical implications for public health interventions, vaccine design, and immunotherapy.
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###### 

Key elements of the immune response to TB with their activity in infants.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                     Role in TB                                                                                                                                                                                                                   Relative activity in infants
  ---------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Macrophages                        Intracellular **M.tb** killing and growth arrest \[[@B31], [@B32], [@B33]\]; alveolar macrophages initiate innate response \[[@B34]\]                                                                                        Diminished chemotaxis \[[@B35]\] and intracellular killing \[[@B36]\]; reduced numbers of alveolar macrophages \[[@B37]\]

                                                                                                                                                                                                                                                                  

  Neutrophils                        Possible role in intracellular **M.tb** killing\                                                                                                                                                                             Diminished chemotaxis \[[@B43]\] and intracellular killing \[[@B44]\]; limited neutrophil storage pool \[[@B44]\]
                                     \[[@B38], [@B39]--[@B41]\]; promote T cell priming by facilitating **M.tb** uptake by DCs \[[@B42]\]                                                                                                                         

                                                                                                                                                                                                                                                                  

  Dendritic cells                    Primary producers of IL-1 and IL-12 \[[@B45], [@B46]\]; initiate, regulate, and maintain T cell responses \[[@B47], [@B48]--[@B50], [@B51]\]                                                                                 Low circulating number \[[@B52]\]; diminished capacity to produce TNF, IL-1, and IL-12 \[[@B54], [@B53], [@B55]\]; diminished capacity for priming Th1 cells

                                                                                                                                                                                                                                                                  

  Cell death pathways                Regulate **M.tb** replication and dissemination \[[@B21], [@B22], [@B58], [@B56], [@B57]\]                                                                                                                                   Unknown, but necrotizing granulomas are unusual in infants

                                                                                                                                                                                                                                                                  

  Pattern-recognition receptors      Phagocyte activation \[[@B59]--[@B61]\]; trigger cytokine production including TNF, IL-1, IL-12, and IL-10 \[[@B62]\]                                                                                                        Similar expression \[[@B63], [@B64]\], but altered signaling \[[@B65]\]; reduced triggering of proinflammatory and increased anti-inflammatory cytokines \[[@B67], [@B66]\]

                                                                                                                                                                                                                                                                  

  TNF                                Macrophage activation \[[@B21], [@B22], [@B68]\]; promotes immune cell recruitment \[[@B69], [@B70]\]; regulates cell death pathways \[[@B71], [@B72], [@B73]\]                                                              Reduced levels and production capacity \[[@B75], [@B53], [@B74]\]

                                                                                                                                                                                                                                                                  

  IL-1                               Intracellular **M.tb** killing and/or growth arrest \[[@B76], [@B77]\]; T cell costimulation \[[@B78]\]                                                                                                                      Reduced levels and production capacity \[[@B53], [@B79], [@B80]\]

                                                                                                                                                                                                                                                                  

  IL-12                              Induction and maintenance of IFN-*γ* producing T cells \[[@B21], [@B46], [@B81], [@B82], [@B83]\]                                                                                                                            Reduced levels and production capacity \[[@B54], [@B84], [@B85]\]

                                                                                                                                                                                                                                                                  

  IL-10                              Restricts Th1 development and impairs IFN-*γ*-mediated signal transduction \[[@B86]--[@B88]\]                                                                                                                                Increased levels and production capacity \[[@B53], [@B74], [@B85]\]

                                                                                                                                                                                                                                                                  

  Antimicrobial peptides             Direct mycobactericidal activity \[[@B89], [@B90], [@B91]\]                                                                                                                                                                  Reduced levels and production capacity \[[@B92]\]

                                                                                                                                                                                                                                                                  

  CD4^+^ T cells                     Primary cellular source of IFN-*γ* and other factors that equip macrophages to restrict intracellular **M.tb** replication \[[@B21], [@B81], [@B93], [@B94]\]; provide help to maintain CD8^+^ effector T cells \[[@B95]\]   Bias against Th1 differentiation \[[@B96]\] and for Th2 and Treg induction \[[@B97]\]

                                                                                                                                                                                                                                                                  

  CD8^+^ T cells                     Cytolysis and production of IFN-*γ* \[[@B98], [@B99], [@B93]\]                                                                                                                                                               Diminished IFN-*γ* production \[[@B100]\] and cytolytic function; bias towards short-lived effectors \[[@B101]\]

                                                                                                                                                                                                                                                                  

  Delayed adaptive immune response   Facilitates prolonged mycobacterial replication and niche establishment in the lung \[[@B21], [@B102]\]                                                                                                                      Infant immune status could even further delay\
                                                                                                                                                                                                                                                                  the response
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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